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ABSTRACT 
The accumulation of pedogenic carbonates is important to 
understanding carbon cycling, to include carbon sequestration, 
in arid and semi-arid regions. Carbonate accumulation in 
southern Arizona displays significant spatial variation, 
particularly in alluvial deposits that dominate basins in the 
region. Improved understanding of the controls on pedogenic 
carbonate accumulation is needed. Here it is hypothesized that 
carbonate accumulation in alluvial fans is controlled 
significantly by parent material composition. To address this 
hypothesis, samples were taken from a chronosequence consisting 
of multiple buried horizons and carbonate accumulations. Parent 
materials include calcareous and non-calcareous meta-sedimentary 
rocks, diabase, granites and schist.  Measurements included 
carbonate concentration using a traditional method of 
hydrochloric acid digestion. This was compared to results 
generated with an infrared spectral curves for calcium carbonate 
concentration. Bulk elemental content was obtained via X-ray 
fluorescence analysis for quantification of immobile element 
accumulation. Pedogenic iron contents extracted by both sodium 
dithionite and ammonium oxalate, were taken as indicators for 
changes in weathering. Results indicate that a mix of eolian 
material and calcareous rocks are the dominant sources of 
carbonate accumulations. 
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INTRODUCTION 
  With atmospheric carbon continuing to be a growing concern, 
understanding natural carbon sinks remains a worthy focus of 
research. A very effective sink, in terms of longevity, is the 
production of calcium carbonate carried out by marine organisms 
which becomes sequestered in deep sea sediments. Lithification 
of marine sediments results in the long term sequestration of 
carbon in the form of carbonate minerals. This sequestration 
continues in the terrestrial sphere where ancient sea floors are 
represented by carbonate rocks. These rocks, however, are 
subject to weathering reactions on the surface that utilize 
atmospheric carbon. For example, limestone weathering utilizes 
one mole of carbon dioxide  
CaCO3+CO2+H2O <->  Ca2+ + 2 HCO3                          {Eq. 1} 
However the reverse occurs when calcium carbonate is 
precipitated. One mol of CO2 is released (Liu and Zhao, 2000). 
Though a mole of CO2 is released, the CaCO3 still represents one 
mole of carbon sequestered in a potentially long lasting form.  
  When precipitated, carbonates accumulate in soils forming a 
secondary pool of inorganic carbon. Additionally, free ions of 
calcium, magnesium and other mineral forming elements are 
produced from the weathering of primary minerals. For example, 
anorthite and diopside are of sources of calcium; enstatite and 
forsterite are sources of magnesium. These can become part of 
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the soil solution via direct weathering of igneous rocks and 
combine with bicarbonate molecules to precipitate secondary 
carbonate minerals. Some general formulas describing CaCO3 
precipitation are as follows. 
 
CO2 + H2O  <->  H2CO3                                   {Eq. 2} 
H2CO3 <->  HCO3 + H+         pK=6.4                         {Eq. 3} 
HCO3  <->  CO32- + H+        pK=10.3                    {Eq. 4} 
                                     {Eq. 5}                                                                      
Ca2+ + 2HCO3  <->  CaCO3 +H2O + CO2                      {Eq. 6} 
 
Equations 2-4 describe the dissolution of carbon dioxide in 
water and the production of the bicarbonate ion followed by the 
carbonate ion. Equation 5 describes the amount of carbon dioxide 
available in soil based on Henry’s law. Equation 6 describes the 
precipitation of calcium carbonate.  
  In soils, PCO2 is generally higher in at depths of 30-50 cm 
due to the presence of roots and the associated presence of 
heterotrophic microbes (Turk et al. 2012). Soil solution here 
will be more acidic disallowing the precipitation of carbonate 
minerals. As constituents leach downwards towards a zone of 
lower PCO2, conditions become more favorable for carbonate 
precipitation (Turk et al. 2012). Precipitation of solutes 
occurs more readily in semi-arid and arid regions, as there is 
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generally not enough water to leach solutes completely out of 
the soils (Brockheim 2014). 
  Estimates of carbon in soils range from 1500 to 2000 Pg of 
organic carbon and 930 to 1738 Pg of soil inorganic carbon 
(SIC). Soil carbon represents approximately two thirds of the 
terrestrial budget and soil inorganic carbon pools represent 
half of that by some estimates that (Rasmussen 2006). SIC 
typically exists in soils in the form of carbonate minerals with 
calcite, magnesite and natrite being the most common examples 
(Turk et al. 2012). Of these CaCO3 is the dominant form (Nash 
2011) and is the focus going forward. CaCO3 precipitates at pH 
levels between 7.2 (Turk et al. 2012) and 9.0 (Nash 2011).   
  Further understanding of the effectiveness of developing 
soils as carbon sinks is crucial. To illustrate, if the 
development of carbonate enriched soil horizons were to be 
driven solely by the dissolution of limestone and re-
precipitation of calcium carbonate, there would be no net gain 
in carbon sequestration, there would be only a change in sink. 
Likewise, without other factors, it appears that weathering of 
carbonate rocks into fines represents only a transfer of carbon 
from one sink to another with no increased sequestration into 
the new sink. However, the difference between the dissolution of 
carbonate rocks and carbonate fines becomes a question of rate. 
Fines, such as eolian transported carbonates, will more readily 
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dissolve representing a relatively quick (compared to the 
weathering of rocks) draw down of CO2 until the carbonates again 
precipitate in the soil. Precipitation of carbonates in the soil 
introduces CO2 into the soil air which may or may not return to 
the atmosphere, depending on other soil factors. With an 
addition of free ions to the system, however, there is potential 
for an actual increase of carbon sequestered in mineral form in 
the soil. 
  The latter scenario is worth investigating to gain 
understanding of whether soil carbonates are being quickly 
dissolved and precipitated or if the carbonates are more 
commonly derived from the slower weathering of rock. The 
possibility of free calcium contribution from the weathering of 
primary minerals is also worthy of investigation given the 
existence of a missing terrestrial carbon sink. An estimated 0.4 
to 4 Gt C/yr is “missing” from the global carbon budget and is 
thought to exist in an unknown sink (Gifford, 1994). Previous 
hypotheses, such as a nitrogen driven increase on the primary 
production of northern forests, have fallen away (Schindler, 
1999) leaving the possibility that soil inorganic carbon may 
play a role in this missing sink (Mi et al. 2008). The limiting 
factor in question here is the source of free ions used in the 
formation of carbonate minerals in the terrestrial sphere. Are 
they derived solely from reworked, carbonate, sedimentary rocks, 
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or is there a significant amount of free ions supplied by the 
weathering of igneous rocks and/or the atmosphere? 
  It is possible to gain better understanding of the impact 
of SIC on the global carbon cycle given accumulations of SIC 
that occurred over known spans of time and during known climate 
conditions. In the arid southwest U.S. accumulations of SIC are 
common in sediments of Pleistocene age (Machette 1985). The 
Pleistocene, spanning a period from 11.7 to 2580 ka (Walker et 
al. 2013) was characterized by repeated changes in climate 
associated with oscillations of glacial and interglacial 
conditions in the northern hemisphere (Ehlers et al. 2018). 
Analysis of SIC accumulations in Pleistocene aged soils can 
yield insight into the rate at which such accumulations develop 
and contribute to terrestrial carbon cycling. 
  
Calcic and Petro-calcic Horizons 
  Here focus is on soils where soil inorganic carbon, 
especially in the form of calcium carbonate (though magnesium 
carbonate can also be common), that has accumulated into calcic 
and petro-calcic horizons in arid regions. Arid systems (defined 
here as areas occupied by aridisols) comprise approximately 12% 
of the global land surface and account for approximately 20% of 
the global pool of SIC (Rasmussen 2006).  Due to low 
precipitation, carbonates in arid systems form discrete masses 
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and cemented sediments known taxonomically as calcic for non-
cemented horizons and petrocalcic for cemented horizons In the 
continental United States, approximately 13.8% (~ 1,061,090 km2) 
of the total soil area meets the requirements to be considered 
calcic or petro-calcic (Brockheim 2014). A study of regions 
undergoing desertification in China (Feng et al. 2001) found 
approximately 14.91 Pg of SIC stored in the top meter of those 
soils. The application of the term “desertification” excluded 
regions that had long been arid and those which could be 
expected to recover from drought conditions. Given the 
restriction of the term, it is very likely that the total amount 
of carbon stored in China’s soils is much higher. These figures 
show that soil organic carbon in arid regions is a significant 
terrestrial sink for carbon. The processes under which these 
carbonates form are important to understand. 
  To be classified as calcic, a horizon must be  15 cm thick, 
be comprised of 5 – 15% CaCO3 (depending on clay content), have 
5% more CaCO3 than the underlying horizon and lack cementation or 
induration (Soil Survey Staff, 2010). Petro-calcic horizons must 
be  10 cm thick ( 1 cm as a laminar cap over bedrock), display 
cementation or induration and have lateral continuity of at 
least 10 cm (Soil Survey Staff, 2010). Roughly 94% of soils with 
calcic and/or petrocalcic horizons lie within mesic, 
frigid/cryic and thermic temperature regimes (Brockheim, 2014). 
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Here mesic is defined as mean annual soil temperatures of 8o C to 
15o C at 50 cm depth with a >5o C difference between summer and 
winter values (Buol et al. 2003, Schaetzl and Anderson, 2005).  
  Frigid and cryic are defined as temperatures ranging from 0o 
C and 8o C, at 50 cm depth, with a >5o C difference in summer and 
winter values. The frigid regime has warm summer temperatures 
whereas the cryic has cold summer temperatures. Thermic is 
defined as a mean annual soil temperature of more than 15o C but 
less than 22o C and a greater than 5o C difference between 
seasons at 50 cm depth. (Schaetzl and Anderson 2005).   
  The most represented moisture regimes are aridic/torric and 
ustic (44% and 26% respectively). Aridic/torric are defined with 
the same attributes: a lack of moisture for at least half of 
time during which the soil, at 50 cm depth, is >5o C and their 
soil is never moist for longer than 90 consecutive days when the 
temperature is at 8o C at 50 cm depth (Schaetzl and Anderson 
2005). Ustic is defined as a moisture regime falling between 
aridic and udic where udic is defined as dryness that never 
lasts 60 consecutive days in the three months following the 
summer solstice and is never dry for as long as 90 consecutive 
days for the rest of the year (Schaetzl and Anderson 2005). In 
the U.S. petrocalcic horizons are found mostly in the basin and 
range province spanning western Texas, New Mexico, California 
and Arizona with some being located in Nevada and Utah. Calcic 
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horizons are found abundantly in the same regions but can also 
occur in specific sites in locations such as North Dakota, South 
Dakota, southern Idaho, Colorado, Utah and western Minnesota 
(Brockheim, 2014) (fig. 1).  
  Calcic and petrocalcic horizons are found in soils 
primarily from alluvium (55% for calcic and 66% calcareous 
alluvium for petrocalcic). Calcic horizons may also be found in 
soils from derived from colluvium and residuum (11% and 8% 
respectively). Calcareous eolian material is attributed to the 
development of 33% of petrocalcic horizons (Bockheim, 2014). 
Vegetation that dominates soils with calcic and petrocalcic 
horizons includes short, mid and tall grass prairie, as well as 
desert scrub (Bockheim 2014). 
 
Development of Calcic and Petrocalcic Horizons   
  The development of petrocalcic and calcic horizons depends 
largely on a lack of soil moisture that limits the loss of 
dissolved components to leaching and allows for the accumulation 
of soluble salts in subsurface horizons. The mean annual 
precipitation associated with petrocalcic horizons is 392 mm/yr 
with a mean annual temperature of 17.6 oC (Bockheim 2014). Some 
research relates the depth to carbonate accumulation to mean 
annual precipitation (McFadden and Tinsley, 1985 ; Marion, 1989) 
and correlations may make carbonate accumulation depth a useful 
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proxy for past climate (Retallack, 2005). McFadden and Tinsley 
(1985) introduced a model to project the distribution of 
carbonate accumulation in a soil under known parameters. Their 
model breaks a soil profile down into compartments each with its 
own values of texture, water-holding content, bulk density, 
mineral composition, soil-air pC02, solution ionic strength, and 
temperature. Their model projects distributions of carbonate at 
varying depths that is driven by a leaching index, defined as 
the effective annual soil water in a 1 cm2 column. Soils in arid 
and hyperthermic settings were projected to have carbonate 
accumulations at depths of about 0-5 cm, whereas carbonate 
accumulations in xeric, thermic regimes could occur as deep as 
300 cm (McFadden and Tinsley 1985). The model results were 
compared to soils in the Mohave Desert of California. The models 
reflected decent similarity with the observed soils in terms of 
depth to carbonate. McFadden and Tinsley’s (1985) model also 
projected bimodal distribution of carbonates over the climatic 
transition between the last glacial maximum and the Holocene 
epoch. However, Royer (1999) produced a regression analysis that 
resulted in poor correlation between depth to carbonate 
accumulation and precipitation. 
   Shankar and Achyuthan (2007) report that petrocalcic 
horizons reside at greater depth in high relief deposits. Since 
groundwater can move upward to deposit carbonate material, 
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relief and level of groundwater become important factors. 
However, Machette (1985) notes that the typical grain sizes of 
sediments dominating the arid US southwest are generally too 
large to provide the potential for the capillary rise.   Other 
factors influencing the accumulation of carbonates in soils are 
the presence of microbes and plant roots. It has been shown that 
fungi and bacteria both precipitate calcite when grown in 
calcium enriched media (Monger et al. 1991).  Biogenic 
structures such as calcified root cells and filaments in calcic 
soils in India (Shankar and Achyuthan, 2007) provide evidence of 
the influence of plant life. 
  The resulting stages of carbonate development can be both 
an indication of age and climate (Birkeland 1999) (fig. 2). 
Carbonate stages are classified approximately as follows: Stage 
1- thin coatings of carbonates on grains (pebbles and gravels); 
Stage 2- carbonate nodules separated by low carbonate material; 
Stage 3- at least 90% of the interstitial spaces between grains 
is filled by carbonate nodules and/or filling; Stage 4- 
laminations form above the carbonate filled horizon. Machette 
(1985) added two more stages: Stage 5- both laminate and 
pisoliths form above the carbonate filled horizon; Stage 6- 
pisoliths, brecciation and re-cementation are present. The 
general trend of carbonate accumulation through time is a 
transition from Stage 1 to higher stages with increasing soil 
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age. The change in carbonate stage may be offset by climate 
where, given enough precipitation, (roughly > 25.0 cm) 
carbonates of stages 3 and 4 can occur at ages typical of 
carbonates at stages 5 and 6. Conversely, given high enough 
temperature (and despite precipitation > 30 cm) carbonates of 
stages 4 and 5 can be as young as is typical for stage 3 
carbonates. The general progression of greater carbonate stage 
with greater age is echoed in both clay accumulations and soil 
redness ratings (Birkeland 1999). Clays, though also affected by 
climate driven weathering, tend to show greater accumulations 
with age. Likewise, redness progresses with age. Though neither 
factor is useful as a relative age indicator against the others, 
taken together a rough age estimation can be made for soils with 
carbonate accumulations. 
   Machette (1985) also developed a model for carbonate 
accumulation rates. Again he noted that, in general, greater 
development (carbonate concentration and thickness) of carbonate 
accumulations relates to greater age. Machette (1985) found that 
carbonate accumulation rates are driven primarily by the influx 
of calcium and the amount of precipitation (fig. 3). Therefore, 
estimates of Ca influx and precipitation amounts can be used to 
estimate the soil age, based on amount of secondary carbonate 
present in a 1 cm2 column. However this model is not useful for 
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soils with calcareous parent material (Machette 1985). 
 
Origin of Carbonates 
  Currently, debate exists concerning the origin of the 
materials necessary for carbonates to accumulate. The question 
primarily involves atmospheric calcium (dust and rain) as a 
primary source (Lattman 1973; Machette 1985; Chadwick and Davis 
1990; Van der Hoven and Quade 2002) or in-situ parent material 
as a primary source (Sobecki and Wilding 1983; Rabenhorst et al. 
1984, 1986; Boettinger and Southard 1991).  Sources of 
atmospheric calcium are varied, though dust particles are again 
thought to be a common source (Junge and Werby 1958; Schmitt and 
Stille 2005). A study of calcium isotopic ratios from various 
sites around the globe concluded that carbonates are a common 
origin for calcium in rain water (Meszaros 1966) however, data 
from a water shed in the Vosges Mountains in France showed a mix 
of calcium from carbonate dust and calcium from leaf excretions 
(Schmitt and Stille 2004). The values utilized were δ44/40Ca 
measured by mass spectrometry.  This method allowed sea spray to 
be ruled out by showing that proximity to the Atlantic resulted 
in negligible difference.  The ratios also ruled out industrial 
inputs, which showed negligible fractionation of the calcium 
(Schmitt and Stille 2005). The Vosges Mountain data allowed a 
rough estimate of 70% for calcium originated from atmospheric 
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contributions leaving roughly 30% to originate from uptake and 
excretion by trees. This allows for a potential mechanism for 
calcium to be aerosolized from droplets excreting from tree 
leaves. Seasonal shifts in the calcium isotopic ratios in the 
local streams support the Vosges data. During high discharge 
periods, the stream water is enriched in Ca44 because the trees 
preferentially take up Ca40 during the growing season. 
Conversely, they are depleted in the heavier isotope during the 
off season (Schmitt and Stille 2005).  
  In coastal regions, sea spray can be a source of numerous 
soil cations including calcium (Art et al. 1974). An analysis of 
strontium ratios from the Pahala tephra, located on the Island 
of Hawaii, suggested that sea spray was a significant 
contributor to the carbonate accumulation within the tephra 
(Whipkey et al. 2000). Possible sources of strontium at this 
location include sea spray, the parent material, eolian material 
and rain water. The parent material Sr87/Sr86 was ~0.7035, the 
rainwater/sea-spray was ~0.7092 and the eolian material was 
~0.72. Additionally it was reported that dust was not a major 
contributor to the carbonate accumulation in older, nearby 
Hawaiian soils and dust is not likely to be a major contributor 
to the younger Pahala site. Rain water is reportedly very 
difficult to separate from sea spray since both derive from the 
ocean, however, the Pahala site is classified as semi-arid 
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rendering rainwater an unlikely source. The labile soil 
reservoir had Sr87/Sr86 of ~0.70622 – 0.70825. These results 
suggested that 48-83% of the strontium in the labile reservoir 
derived from sea spray. Using strontium as a proxy for calcium, 
this suggests that approximately 43-67% of the soil Ca was also 
derived from sea-spray (Whipkey et al. 2000). 
  To be thorough, cosmic dust is also considered. The 
presence of cosmic dust is determined by Ir and Ni values which 
are enriched in chondritic material by 104 and 102 respectively. 
These values also rule out volcanism as being the primary source 
(LaViolette 1985). The ice core analyzed by LaViolette (1985) 
was taken from Camp Century in Greenland and was selected to 
avoid the influence of basal ice deformation on the data. The 
outer layers of the core were melted away with purified DI water 
to remove any contamination introduced by drilling chemicals. 
LiViolette (1985) reports a global cosmic dust deposition rate 
of 1 E5 to7 E5 tons (0.91  to 0.64 Tg) a year and a 0.5 E7-3 E7 
(4.50 to 27.22 Tg) during the last ice age. This increase is 
interpreted to be due to an increased introduction of cosmic 
material into our solar system during the late Pleistocene.  
LaViolette (1985) notes that ice accumulation rates were assumed 
constant, which introduces error, and that fluctuations in Ir 
and Ni concentrations of cosmic dust cannot be accounted for.  
Building on this, an analysis of interstellar dust composition 
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from samples taken by the Cassini spacecraft near Saturn is also 
considered (Altobelli et al. 2016). The cosmic dust analyzer 
aboard the Cassini collected ten years of data. Analysis of this 
data by Altobelli et al. (2016) concluded that the composition 
of current interstellar dust closely matched that of C1 
chondrite elemental abundances.  Anders and Ebihara (1982) 
reported an updated table of C1 chondrite elemental abundances 
which gives a solar system abundance of calcium of approximately 
0.98%. This is close to the composition of the Orgueil chondrite 
reported in the same paper as approximately 0.9% (Anders and 
Ebihara, 1982). As a preliminary estimate of the high end, this 
would be approximately 0.24 Tg of calcium added to Earth per 
year during the late Pleistocene. Even assuming this added 
calcium to be in the form of free calcium (the mineral forms 
were not reported) this high end estimate represents a very 
small amount relative to the 504 Tg (Maybeck, 1987) estimated to 
be derived from rocks.   
  Machette (1985) suggests atmospheric calcium as the primary 
source, due to the weathering resistance of igneous rocks, 
formation of calcic horizons within non-calcareous sediments, 
the presence of local parent materials that provide calcareous 
dust, and the calcium content of rain water in the southwestern 
United States. The calcium content of the rain water in the 
region can be greater than 5 mg per liter (Junge and Werby 
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1958), though the highest concentrations were reported over the 
Southwest region and were attributed to atmospheric dust. Dust 
fall in the region is estimated to supply 0.2 grams of CaCO3 per 
cubic centimeter per 1000 years (Machette 1985). Comparisons of 
carbonate accumulation in soils with regards to their position 
in relation to dust sources has shown that those soils downwind 
of dust sources tend to have greater accumulation of carbonates 
(Lattman 1973; Chadwick and Davis, 1990). It should be noted 
that Lattman (1973) reports exceptions to fans containing 
limestones and/or dolomites as parent material. Vanderhoven and 
Quade (2002) employed strontium isotopic ratios as tracers of 
calcium to show that carbonates accumulating in a volcanic field 
near Grants, NM were primarily attributable to eolian deposition 
of carbonates from marine deposits. One cinder deposit aside, 
strontium ratios of the labile fractions of “A” horizons in this 
locale had values in common with local sources of carbonate 
rock. Strontium ratios of the accumulating carbonates plotted 
much closer to the ratios of the labile fraction than they did 
to the basaltic parent materials indicating that accumulating 
carbonate was likely derived from eolian material (Vanderhoven 
and Quade 2002). 
  In contrast, Sobecki and Wilding (1983), in a study of 
soils within a coastal prairie in Texas, ruled out both the 
weathering of silicate rocks and atmospheric calcium as primary 
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causes of carbonate accumulation. Calcium bearing silicate rocks 
were not abundant enough to have account for the amount of 
accumulated carbonates. Sea spray was ruled out as a source 
given measured salt concentrations as it would require too much 
time to accumulate the calcium at the given rate of deposition, 
to account for the amount of carbonate present. Additionally a 
highly impermeable layer of clay material underlying the soils 
restricted calcium carried upwards by deeper ground water 
sources, leaving calcium bearing, allogenic, parent sediments 
within the soils as the most likely source of carbonate 
accumulation. (Sobecki and Wilding, 1983). 
  Rabenhorst and Wilding (1984) found evidence for limited 
downward translocation of material in soils forming from 
limestones in western Texas. The evidence included a low amount 
of non-carbonate residues in the petrocalcic horizons that 
displayed differing mineralogy, size and trace elements than 
that of the overlying soil horizons. Fluorite, a labile mineral 
was found in some of the petrocalcic horizons. Labile minerals 
would likely not be present in a soil previously leached of 
carbonates. These findings suggest that the source of the 
carbonate accumulation could not have been brought into a 
previously carbonate depleted soil and deposited on the surface. 
Morphological characteristics of the carbonates, which indicated 
alteration of lithogenic carbonate crystals, suggested in-situ 
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alteration of the limestone parent material (Rabenhorst and 
Wilding, 1986).   
  Boettinger and Southard (1991) reported the accumulation of 
secondary carbonates adjacent to carbonate free soils on the 
same geomorphic surface. The carbonate accumulations lie under 
duripans and have developed on, and within, well degraded 
saprolites of calcareous granitic rock. The carbonate free soils 
also lie under duripans but exist over less degraded and 
carbonate free saprolites.  Given the uneven distribution of the 
carbonate rich pedons, it is unlikely that eolian material is 
the primary source of the carbonate material in these soils. 
Though the source of the carbonates cannot be stated with 
surety, the presence of carbonate accumulation in the well 
degraded saprolites suggests calcium derived from the weathering 
of plagioclase (Boettinger and Southard 1991) 
  In the cases presented above, all but one reported 
carbonate accumulation for which the requisite materials were 
derived from pre-existing carbonate sources in the form of 
eolian dust or in-situ carbonate rocks and/or sediments.  
Carbonates in these systems are dissolved and re-precipitated 
with very little free calcium added to the system from the 
weathering of calcium bearing, igneous rocks.  
  Maybeck (1987) conducted a study of exorheic (flowing to 
the ocean) French rivers to obtain a global estimations of 
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dissolved load in rivers and the percentages contributed by 
various rock types. Remote rivers were selected to reduce 
contamination of the data by pollution and watersheds were 
selected to limit contributing rock types. Results were compared 
to similar studies from other regions and corrected for 
atmospheric contributions. The total amount of calcium released 
from chemical weathering reported was approximately 504 Tg/yr.  
Of this, granitic rock was estimated to contribute 0.6% or 3 
Tg/yr, volcanic rock 1.8% or 9 Tg/yr, metamorphic rocks 4.8% or 
24.2 Tg/yr, and sedimentary rocks (to include gypsum and rock 
salt) 91.8% or 462.7 Tg/yr.  Carbonate rocks contributed the 
greatest amount of calcium to dissolved load, representing 60.4% 
or 303.4 Tg/yr (Maybeck 1987). It was noted by Maybeck (1987) 
that differing temperatures can have a notable impact on 
chemical weathering rates. Rates in arid climates are likely 
much lower due to the greatly reduced moisture.  Given the 
similar values between different regional studies reported by 
Maybeck, it is reasonable to conclude that contributions of free 
calcium from igneous rocks in arid regions is at least similar 
in terms of proportion. It is also reasonable to suspect that 
non-exorheic streams contain similar proportions and contribute 
to the deposition of material that can later be further 
distributed by eolian processes, resulting in the deposition of 
fines, that can be easily dissolved and re-precipitated at depth 
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in soils.  
  Uncertainties concerning the sources of atmospheric 
calcium, as well as the missing fraction of the carbon budget, 
invite further research. The excretion of calcium taken up by 
desert plants could be an important addition to atmospheric 
calcium in arid climates. For instance, it was reported by 
Tatarko (1980) that creosote bush grew more abundantly on soils 
enriched in CaCO3. Climatic shifts over the Pleistocene 
introduced cyclic wet and dry periods, as well as drastic 
changes in atmospheric circulation, that had significant effect 
on rock weathering, eolian deposition and biological activity. 
Further research focusing on the accumulation of carbonates 
under known climatic shifts could potentially shed light on the 
contributions of numerous factors involved in soil carbonate 
accumulation, especially concerning the question of eolian input 
vs the weathering of parent material.   
  Here we focus on soil carbonate accumulations in Southern 
Arizona to determine the primary source of carbonate from which 
the accumulations are derived. A key question is: Are the 
accumulations primarily due to eolian transport and deposition, 
or are they primarily due to the weathering of local, carbonate 
rocks? Secondarily, focus is placed on how changes in climate 
over the Pleistocene may have impacted the accumulation of soil 
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carbonate. 
 
MATERIALS AND METHODS 
Study Area and Geologic History  
  To better understand the influence of carbonate 
redistribution consideration is given to a remnant alluvial fan 
located approximately a mile northwest of Saddlebrooke, AZ (UTM: 
12 S 511954.90 m E  3602702.26 m N ; fig. 4). The site was 
selected due to features, exposed in a road cut, that suggest a 
record of multiple episodes of sedimentation and soil 
development. The fan was formerly fed by a stream flowing out of 
the Canada Del Oro HUC-12 sub-watershed (Stroud Water Research 
2018) in the Santa Catalina Mountains. Carbonate accumulation 
and lithologic discontinuities observable in the field suggest 
at least two buried sequences (fig. 5). The parent materials 
comprising the fan can be characterized as mixed alluvium. A 
rough estimate of specific materials available to the fan can be 
gained by overlying the USGS Watershed delineation with current 
geologic maps (fig. 6). Approximately 60 percent (by map area) 
of the outcropping rock in the watershed is granitic rock. The 
remaining 40 percent is divided among various metamorphic and 
sedimentary rocks which include two sources of carbonate 
material, the Mescal limestone and the Abrigo shale. The fan 
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itself has been named a geologic unit called the Cordones 
Fanglomerate (Spencer 2000).    
  The fan covers approximately 36 km2 and has been heavily 
incised with a drainage density of approximately 0.55. The 
southwestern edge of the fan is characterized by a prominent 
erosion face (fig. 4) that indicates that the current path of 
the Canada Del Oro wash is younger than the fan. Previous 
studies date the fan sediments as Pleistocene–Pliocene (Spencer 
et al. 2000), and the work of McFadden (1981) dates the soil on 
the fan surface from mid to early Pleistocene. These dates were 
supported by morphological features and soil development such as 
a clay enriched argillic horizon, very red coloration, and stage 
4 carbonate accumulation. The surface soil at the sample 
location was classified as an Ustalfic Petrocalcid. The argillic 
horizon extends from about 18 cm to 35 cm, has a hue of 2.5 YR 
and contains about 60% clay. It rests on top of a cemented, 
laminar cap that is 2-5 cm thick. Below the laminar cap the 
profile loses its redness, lightens in color, and undergoes 
changes in lithologic character. The lighter color is due to 
accumulations of pedogenic carbonate (determined by 
effervescence). There is a band of redder material at 
approximately 2.35 m (referred to from this point on as the red 
band) that is approximately 10-12 cm thick. Underlying the red 
band are two calcic horizons separated by a band of lower 
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carbonate accumulation at approximately 3 meters of depth. The 
profile overlies a basal gravel. The grains in this layer are 
angular to sub angular, silt to cobble in size, with minor 
carbonate rinds present on some clasts. 
  The fan surface likely represents a relict surface, 
deposited prior to numerous cut and fill sequences associated 
with Pleistocene climate fluctuation. Based on estimated ages of 
the Cordones surface, the deposition and subsequent incision of 
the fan likely correlates to Quaternary fill observed in other 
locations in southern Arizona such as the Aravaipa Basin, 
Safford Basin and Sonoita Basin. Jungers and Heimsath 
(2018:2015) report burial ages (Al26 and Be10) on similar surfaces 
in the Aravaipa and Safford basins at ~1.8 to 3 Ma. The 
depositional period here is attributed to a more precipitation 
prone climate between 3.5 Ma to 2 Ma which lead to increased 
erosion rates in the surrounding mountains. Menges and McFadden 
(1981) report Miocene-Pliocene aged basin fill (based on 
magnetostratigraphy) topped with Pleistocene alluvial fans in 
the Sonoita Basin. The Pleistocene deposits are termed the 
Martinez formation. They are characterized by clay rich 
diamictons (poorly sorted, sand to boulder grain sizes) which 
separates them from the older fill they rest on. The 
magnetostratigraphy of the underlying basin fill established a 
3-2 Ma maximum age for the Martinez surface. A minimum age of 1 
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Ma is reported due to degree of soil development, within the 
Martinez fans, consisting of distinct argillic and 
calcic/petrocalcic horizons (Menges and McFadden 1981). These 
observations agree with the general, regional observations of 
Morrison (1991) who reported Pleistocene depositional surfaces 
containing well developed soils expressing horizons of clay and 
carbonate accumulation. The Cordones surface fits the profile of 
these regional, Pleistocene surfaces in age estimation, 
lithological character, and degree of soil development. For 
these reasons, Menges and McFadden (1981) associated the 
Martinez Surface with the Cordones surface putting its age 
between 1-2 Ma. 
  The geologic history of the parent rocks that sourced the 
Cordones Fanglomerate begins with the Pinal Schist. The schist 
has been dated to approximately 1.69 to 1.7 Ga (Livingston 1969 
; Silver 1978).  This time frame suggests that the original 
sediments were deposited in a marine environment given 
paleogeographic reconstruction (Blakey 2011). The later 
metamorphism is attributed to two different causes, sediments 
being deposited in rifting basin leading to high temperature/low 
pressure metamorphism associated with rifting (Condie and 
DeMalas 1985 ; Wickham and Oxburgh 1985). The geochemical data, 
however, is also indicative of collisional regimes (Condie and 
DeMalas 1985). This is followed by the intrusion resulting in 
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the Oracle granite which has been dated to approximately 1.45 Ga 
(Damon et al. 1962 ; Silver 1978). This intrusion is older, 
relatively speaking, than the Apache Group due to the presence 
of Oracle Granite clasts within the basal, Scanlon Conglomerate.  
  Deposition of the Apache Group, which includes the Pioneer 
shale, Dripping Springs quartzite and Mescal limestone, is dated 
between 1.45 Ga (the date of the underlying oracle Granite. 
Damon et al. 1962 ; Silver 1978) and 1.1 Ga based on the date of 
diabase sills that intrude into the entire group (Livingston and 
Damon 1968). Fletcher et al. (2004) give dates, derived from 
detrital muscovites of 1.33 Ga for the Pioneer Shale and 1.2-1.1 
Ga from the Dripping Springs quartzite.  The Apache group lies 
unconformably on both the Oracle granite and the Pinal schist 
(Middleton and Trujillo 1984)  indicating a depositional hiatus. 
The basal unit of the Apache group, the Scanlon Conglomerate, 
displays cross-bedded facies interpreted by Middleton and 
Trujillo (1984)as deposition associated with alluvial fans and 
braided stream systems thus establishing a terrestrial 
depositional setting for this unit. Channels within the Pioneer 
Shale filled with Barnes conglomerate and the overlying arkose 
member of the Dripping Springs quartzite lacks tuffaceous 
materials. This is taken by Shride (1967) as suggestive of a 
possible hiatus in deposition between the Pioneer shale and 
Dripping Springs Quartzite. Stratified and crossbedded tabula 
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within the arkose member suggests deposition in a shallow sea 
subjecting the sediments to wave action (Shride 1967). Ripples, 
mudcracks, thin irregular bedding and scour-fill structures are 
suggestive of tidal flats and very shallow water, in effect, the 
margin of transgressing/regressing sea (Shride 1967). The Mescal 
limestone lies unconformably on top the of Dripping Strings 
quartzite, as evidenced by an undefined sandstone unit 
separating the quartzite and the limestone in more northerly 
parts of Arizona. The limestone represents a marine depositional 
environment with potentially low circulation and a stable sea 
floor, evidenced by an accumulation of halite, dolomite and the 
growth of stromatolites in biostromes rather than bioherms 
(Shride 1967).  
  The Bolsa Quartzite lies unconformably on the Mescal 
limestone. This is evidenced by a lack of intruding diabase and 
a disconformity on basalt flows topping the Mescal limestone in 
some areas of the state (Heindyl and McClaymons 1964).  
Brachiopods fossils and preserved worm burrows indicate a near 
shore, depositional environment. These sediments were later 
buried by the sediments of the Abrigo formation which lies 
conformably above (Heindyl and McClaymons 1964).   
  The Abrigo formation represents offshore, transition and 
shore-face depositional environments dominated by wave and storm 
activity in the Sauk sea (Labaj and Pratt 2016). The formation 
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includes varying proportions of siliclastic and carbonate 
sedimentation which is interpreted to result from a dynamic flux 
of material from the land which periodically shut of carbonate 
production. The facies outcropping in the Santa Catalina 
Mountains represents one of the more calcareous examples (Labaj 
and Pratt 2016). 
  A great deal of depositional history is missing between the 
Abrigo shale and the tertiary igneous rocks present in the 
watershed. The Rice Peak porphyry is an intrusion associated 
with the Laramide Orogeny (70 - 40 ma) while the Catalina 
granite is a later intrusion (25 ma) (Fornash et al. 2013). 
These intrusions are associated with the onset of regional 
extension and associated basin sedimentation. The exhumation of 
the Catalina core complex began in the late Miocene based upon 
the dating of mylonitic fabrics, and continued into the 
Pliocene, given the tilted orientation of Tertiary conglomerate 
as well as its inclusion of the mylonitic clasts (Fornash et al. 
2013). The faulting in the area is also associated with the Late 
Miocene extension and continued into the Pliocene, with the last 
movement of the Pirate fault reported to have likely occurred 
approximately 6 Ma (Davis et al. 2004). Following the deposition 
of the Tertiary conglomerate, and Miocene-Pliocene basin fill, 
the Cordones Fanglomerate was deposited.  
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Unit Descriptions 
  The following unit descriptions are taken from Spencer et 
al. (2000) with additional information cited in the 
descriptions. Map symbols used here differ from the Spencer et 
al. (2000) paper and are taken from a geologic map of Arizona 
produced by Richard et al. (2000). For this reason, some unit 
descriptions are condensed to match the map symbols utilized by 
Richard et al. (2000). The map symbols utilized by Richard et 
al. (2000) encompass wider examples of rock found throughout the 
state of Arizona. Only those rocks pertinent to the study are 
described here. 
 
Proterozoic Rocks (~ 2.5 Ga to 542 Ma) 
 The Pinal Schist (map unit Xms) is an Early Proterozoic 
(Condie and Demalas 1984; Silver 1978) to Middle 
Proterozoic, pale gray to gray schist and psammitic schist 
with sufficient metamorphosis to cause finer grain stones 
to display significant phyllosilicate development with 
cleavage parallel to the preferred orientation of the 
phyllosilicates. Quartz veins are abundant, especially in 
finer grain stones. 
 The Oracle Granite (map unit Yg)  is a Middle Proterozoic, 
coarse grained, porphyritic, biotite granite representing 
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the intrusion of a felsic magma.  The granite also displays 
mylonitic fabrics and biotite displaying severe argon loss 
in locations adjacent to the Mogul fault that is associated 
with basin and range orogenesis (Damon et al. 1962). 
 The Apache Group (~ 1.33 Ga to 1.1 Ga; map unit Ys) 
 The Pioneer formation (sometimes called the Pioneer 
Shale) is a generally massive grey to lavender 
argillite, metasiltstone and very fine grained, thin 
to medium bedded metasandstone. The formation includes 
a basal conglomerate (called the Scanlon Conglomerate) 
that consists of angular to sub-rounded pebbles and 
cobbles.  Clasts are bull quartz, fragments from the 
Pinal schist and fragments from the Oracle granite. 
 The Dripping Springs Quartzite is thin to medium 
bedded, fine to medium grained quartzite with silty 
laminations. Locally it tends to be pale grey, thick 
bedded and massive. This unit includes a clast 
supported basal conglomerate (called the Barnes 
Conglomerate) up to 10 m thick that consist of sub-
rounded to well-rounded clasts of white quartz, red 
jasper and quartzite up to 20 cm in diameter. The 
quartzite can be roughly divided into a lower arkose 
member and an upper siltstone member (Shride 1967) 
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 The Mescal Limestone is laminated to thin bed, and 
light to medium gray to tannish gray. It contains 
gray, 1 to 30 cm thick chert beds and siliceous thin 
beds, lenses and nodules that form tan to brown rib-
like protrusions between recess forming carbonate 
layers. Rocks of this unit tend to locally part along 
silty layers to form slabs. 
 The Sierra Ancha Diabase (map unit Ys) is dark gray, dark 
greenish gray and grayish black rock existing in sills and 
dykes showing typical, sub-ophitic, dibasic texture. 
 
Paleozoic Rocks (map unit MЄ) 
   The Abrigo shale and Bolsa quartzite are both found in this 
watershed however their position in relation to each other is 
not consistent (Spencer et al. 2000). The northern most 
exposures the lithologies are mixed and difficult to stratify.  
Within more southern exposures the Bolsa quartzite is over lain 
with the Abrigo shale (Spencer et al. 2000). Heindyl and 
McClaymons (1964) report that the Abrigo Shale underlies the 
Bolsa Quartzite in other parts of the state. Here the 
stratigraphic findings of Spencer et al. (2000) are treated as 
specific to the study area. 
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 The Bolsa Quartzite is a Cambrian, fine to coarse grained, 
thin to thick bedded resistant quartzite composed of 95% 
quartz and feldspars. Vitreous, light gray to whitish gray 
crossbeds are accentuated by dark colored laminations rich 
in magnetite in areas where Proterozoic diabase was exposed 
during Cambrian deposition. Elsewhere the crossbedding is 
accentuated by rust colored and recess forming laminations. 
 The Abrigo Shale is a mostly greenish brown, brown and 
black variably argillaceous metasiltstone and a very fine 
grained to fine grained thinly bedded to laminated 
metasandstone which can include calcareous metasiltstone. 
In some locations an argillite is present at the base. 
 
Late Cretaceous and Early Tertiary Rocks 
 The Rice Peak Porphyry (map unit Tkg) is a medium gray to 
greenish gray, low resistance intrusion with up to 30% 
sparse, chalky, white, relict plagioclase 2-3 mm and 1-3 mm 
biotite, both in a microcrystalline groundmass. Can contain 
up to 4% of K-feldspar phenocrysts up to 2 cm long and 
quartz-phyric phases. Can display strong foliation 
including stretched, brittle plagioclase phenocrysts and 
weak slatey cleavage development. Typically expresses as 
sills and dikes intruded into the Apache Group. 
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 The Tkgm unit is described by Richard et al. (2000) as 
a light colored puraluminous muscovite granite that 
can contain garnet that also forms sills and dykes and 
is associated with the Rice Peak porphyry (Tkg) 
 
 The Catalina Granite (map unit Tg) is a Tertiary 
porphyritic biotite and hornblende granite with pink 
orthoclase phenocrysts up to 4 cm long. The texture is 
hypidiomorphic granular. The plagioclase composition is 
anorthite, 26-32%. Xenoliths can be present. 
 The unnamed Tertiary conglomerate (map unit Tsy) is a 
massive to crudely stratified, cobble to boulder 
conglomerate with clasts generally from 2 -30 cm in 
diameter but which can reach 2 m. Smaller clasts tend to be 
sun-angular and larger clasts sun-rounded. Clast 
composition includes Sierra Ancha diabase, Mescal 
limestone, Dripping springs Quartzite, Rice Peak porphyry, 
black siliceous hornefels and a fine grain equigranular 
leucogranite.  Pinal schist and Oracle Granite are absent 
from the conglomerate. 
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Quaternary Sediments (Qtc) 
 The Cordones Fanglomerate is a combination of Pliocene - 
Pleistocene alluvial fan consisting of poorly sorted 
sediments with 3-30 cm clasts of Pinal Schist, Apache 
Group, Sierra Ancha Diabase, Rice Peak Porphyry and local 
granites. 
 
Sample Collection and Initial Preparation 
  Samples were collected from a road cut exposing 
approximately 4 meters of sediment. Sediment was removed by 
trowel and placed into gallon ziplock bags. The samples were 
transported back to the laboratory and left open to dry for 
approximately 5 days. After air drying, a portion of each 
sample was sieved through a 2 mm mesh to separate out the 
finer fraction for chemical analysis. Smaller portions of the 
< 2 mm fraction were oven dried at 105 oC prior to any 
analytic procedures. 
 
ATR-FTIR Analysis. 
  A Fourier Transform infra-red (FTIR) spectrometer with an 
Attenuated Total Reflectance (ATR) attachment can be utilized 
to ascertain the amount of CaCO3 in a soil sample. Loste et 
al. (2003) utilized ATR-FTIR to confirm CaCO3 in solution 
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using the 1395, 868 and 712 (cm -1) IR regions. These IR 
regions agree with Weir and Lippincott (1961).   
A Nicolet iS5 FTIR spectrometer with an iD7 ATR attachment was 
utilized to create a calibration curve from sediment samples 
with known concentrations of carbonate. A sample of sediment 
from the surface of a debris flow on Signal Peak near Casa 
Grande, AZ was collected into a quart sized zip lock bag. The 
sample was sieved to 2mm using a 2mm metal mesh. A ten gram 
sample of the sieved portion was then treated for 4 hours, in 
a 100 mL beaker with 4 M HCl, to remove any existing calcium 
carbonate. The 10 gram sample was strained with filter paper, 
rinsed with DI H2O, strained again and allowed to air dry for 
24 hours after which it was placed into a drying oven at 105o 
C for 24 hours to remove all water. 
  A seven gram portion was ground to the consistency of flour 
using an agate mortar and pestle. An agate mortar and pestle 
was used in order to avoid contamination possible from other 
grinding methods. This portion was used to make eight, 1 gram 
samples containing known amounts of laboratory grade calcium 
carbonate from which a standard curve was generated. 
Smaller samples of approximately 0.05 grams were taken from 
the mixes and placed onto the ATR-FTIR crystal for analysis. 
Each mix was analyzed three times using 32 scans at a 
resolution of 4 with automatic atmosphere suppression enabled. 
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A diagnostic spike in the 871-873 IR regions (Vahur et al. 
2016) was utilized to create a standard curve by plotting the 
intensity (percent reflectance) against the known percentage 
of CaCO3 in the samples (fig. 10). The 870 IR region was 
utilized because the 1400 IR region is shared between CaCO3 
and MgCO3 (fig. 20).  Additionally, the 712 IR region 
displayed significant randomness within the spectra of the 
standard samples.  
  Samples for analysis were also ground to a flour 
consistency in an agate mortar and pestle. Approximately 0.05 
grams of each sample was placed onto the objective. Each 
sample was analyzed three times and the reflectance intensity 
at the 870 IR region was recorded for each. An average was 
calculated from the results of the replicates. Percent CaCO3 
was calculated for each sample utilizing the standard curve 
(fig. 10).  
  
XRF Analysis 
  Portable x-ray fluorescence analyzers (pXRF) have been used 
to obtain elemental concentrations in various materials, to 
include geologic materials. Specifically, titanium, zirconium 
and niobium were of interest here. Previous research has used 
pXRF analyzers to quantify these elements (Figueora-Cisterna 
et al. 2011; Goren et al. 2011) 
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  Samples were sieved through a 2mm steel mesh.  Six grams of 
each sieved portion were placed into drying tins and dried for 
24 hours at 105oC. 5.5 grams from each dried sample were 
placed into a 20 ml plastic scintillation vial along with 
three tungsten bearings for ball milling. Each sample was 
milled for 5 minutes using a Model 2601, Cianflone Scientific 
Instruments Co. Ballmill grinder. Each sample was then 
transferred into a pXRF analysis cup using 4.0 μ gauge 
polypropylene film in each cup.  The samples were analyzed 
using a Niton Xl3t Goldd+ pXRF analyzer. Calibration was 
conducted using a multi-element reference sample. The “Test 
All Geo” function was utilized and set to 30 seconds for the 
Main, Low, High and Light ranges. Samples were placed face 
down in a lead shield stand for analysis.  
  Coarse and bulk samples of level 2410 were prepared using 
the same method but were analyzed using an Innov-X systems DP-
2000, Olympus Delta pXRF analyzer due to equipment 
availability.  Elemental abundances in the bulk sample were 
within error range of the both pXRF analyzers. 
 
Sodium Dithionite Iron Extraction Analysis 
  A solution of sodium dithionite and sodium citrate can be 
used to extract pedogenic iron from soils (Mehra and Jackson 
1960 ;  McKeague and Day 1966). To prepare iron standards, 
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sodium dithionite solutions were made by adding 25 g of sodium 
citrate and 2 g of sodium dithionite to a beaker. V=m/ρ was 
used to determine the total volume of the solutes resulting in 
15.55 mLs. The solids were dissolved in ultra-pure H2O and 
aliquoted to 118.29 mLs, using a 1000 mg/L iron standard 
solution, and ultra-pure H2O, to create 10, 20, 30, 40 and 50 
mg/L standards in acid washed bottles. The solutions were 
placed in a shaker for 24 hours. After 24 hours the solutions 
were diluted with ultra-pure H2O into acid washed vials to 
create 1, 2, 3, 4 and 5 mg/L standards for maximum resolution. 
One blank solution (sodium citrate - sodium dithionite) was 
created and diluted to 1:10.  
  Two grams of the fine fraction (< 2 mm) from each sample 
was measured into acid washed centrifuge jars along with a 
sodium citrate, sodium dithionite solution. The sodium 
citrate, sodium dithionite solutions was made by adding 25 g 
of sodium citrate and 2 g of sodium dithionite to a beaker. 
V=m/ρ was used to determine the total solid volume of 15.55 
mLs. 102.74 mLs of ultra-pure H2O were added to bring the 
solutions to 118.29 mLs. The jars were placed on a shaker for 
24 hours. After 24 hours the samples were centrifuged for 15 
minutes at 3600 rpm. After centrifuging 10 mLs of the 
extraction solution from each sample was pipetted into acid 
washed vials. 
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  Readings for the creation of a standard curve (fig. 7) and 
sample analysis were done utilizing a Perkins Elmer 3100 
Atomic Absorbance Spectrometer. Fuel utilized was an 
acetylene-air mixture of 1 unit of acetylene and 3 units of 
air. Operating conditions were: wavelength was set to 248.3 
nm; slit was set to high and 0.2 units; operating current was 
24 mA; mode was absorption; integration time was 0.3 seconds; 
replicates were set to 3. The bulb was adjusted until the gain 
stabilized at 140. The machine was zeroed utilizing the 
diluted blank solution. Each standard sample was read and the 
value recorded. 1 mL of each unknown sample was extracted into 
a beaker and diluted to 1:10 for initial atomic absorbance 
measurement. Sample 2400 resulted in an absorbance value that 
fell well above the limit of the curve.  Trial dilutions were 
analyzed until the absorbance fell within the curve. The 
resulting dilution necessary for sample 2400 was 1:90. 
 
Ammonium Oxalate Iron Extraction Analysis 
  An ammonium oxalate, oxalic acid solution can be used to 
extract non-crystalline, pedogenic iron from soils (McKeague and 
Day 1966). Standards were prepared by adding known amounts of 
1mg/mL iron standard to four part ammonium oxalate (0.2 M) and 
three part oxalic acid (0.2 M) solutions (10mls) in opaque, acid 
washed vials. Standards were made to 1,2,3,4,5 mg/L 
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concentrations and placed into a shaker for 24 hours. Solutions 
were kept in the dark until analysis.   
  Samples were taken from the < 2 mm fraction previously 
sieved. 0.5 grams of each sample were added to 10 mLs of the 
ammonium oxalate, oxalic acid solution and placed on a shaker 
for 24 hours. After 24 hours samples were centrifuged at 3600 
rpm for 15 minutes. Samples were kept in the dark until 
analysis. 
  Readings for the creation of a standard curve and sample 
analysis were done utilizing a Perkins Elmer 3100 Atomic 
Absorbance Spectrometer. Operating conditions were as noted 
above for the sodium dithionite extraction  
  Sample 2400 resulted in an absorbance value that fell well 
above the limit of the curve.  Trial dilutions were analyzed 
until the absorbance fell within the curve. The resulting 
dilution necessary for sample 2400 was 1:50. 
 
Empirical Dating 
  Dating of carbonates in the profile was done at the 
University of Texas El Paso using a Uranium-Thorium isochron 
approach (Ma et al. 2012). The age of the laminar cap (0.5 m 
depth) was determined to be ~ 121 ± 76 ka. The age of the lowest 
carbonate accumulation (3.5 m) was determined to be ~ 600 ± 3000 
45 
 
ka.  However, the method used generally has an upper limit of 
approximately 400 ka years making the 600 ka age suspect, as 
suggested by the very large error (Dorale et al. 2004). Al26 
(Jungers and Heimsath, 2018) were measured on samples of the 
basal gravel at the University of Arizona AMS lab.  The results 
came back with no detectable Al26.  This result tentatively 
suggests a burial date for the basal gravel of approximately 3-5 
ma given the amount of Be10 measured (1x105 atoms/g).  However, 
this estimate is extremely uncertain due to the lack of a 
measurable exposure time for the basal gravel prior to 
deposition. 
 
RESULTS AND DISCUSSION 
Profile Description 
 The surface soil can be classified as a clayey-skeletal, 
mixed, superactive, thermic, shallow Ustalfic Petrocalcid (Soil 
Survey Staff, 2010). The colors were red, ranging from Munsell 
hues of 7.5 YR to 2.5 YR (Table 1). Soil texture ranges from a 
sandy clay loam at the surface to a clay at depth, with clay 
percentage ranging from 30 – 60% respectively. Rock fragments 
averaged around 45% (gravels and cobbles) throughout the upper 
35 cm. There are significant clay films between 18-35 cm. A 
cemented laminar cap of about 2-5 cm thick underlies the 
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argillic horizon. Below this, the soil lightens dramatically due 
to higher accumulations of carbonate (15-25%). Below the cap is 
a lens of larger gravels and cobbles approximately 10-12 cm 
thick. The rock fragments then return to a character similar to 
the surface soil. At approximately 2.35 m of depth, there is a 
sandy, lens of redder material approximately 3 – 5 cm thick.  
Below this, the profile contains larger cobbles and is marked by 
to separate accumulations of carbonate. The upper (from about 
2.5 to 3 meters) contains roughly 56% carbonate. From 3.5 to 4 
meters, the profile contains roughly 44% carbonate. Below 4 
meters is the basal gravel. Assuming a bulk density of 2.0, and 
using an average carbonate accumulation of 27.4%, an estimate of 
total carbonate accumulation in the profile comes out to be 
approximately 2192 kg/m2 of carbonate given a meter square column 
that is 4 meters in depth. That translates to approximately 548 
kg/m2 of carbonate in a cubic meter of this sediment. 
 
Carbonate Content 
  The two analytical methods of quantifying carbonate content 
gave noticeably different results. Sample 2401, the petrocalcic 
laminar cap, resulted in a CaCO3 percentage of about 91 using the 
digestion method but only 72 using the ATR-FTIR method (figs. 
11,12). The likely reason for this is that the HCl used in the 
gas method would also dissolve other carbonates, such as 
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magnesium carbonate, thus producing more gas pressure. Both CaCO3 
and MgCO3 spike in the 1400 IR region in the ATR spectra (fig. 
20).  A standard curve built from intensity in the 1400 IR 
region resulted in a value of approximately 85% for the laminar 
cap suggesting that the presence of other carbonates does 
account for the difference between the FTIR and digestion method 
results. 
 
Carbonate Distribution and Accumulation Rate 
The Saddlebrooke profile may have up to two bimodal 
distributions of carbonate which would be in line with the 
McFadden and Tinsley (1985) model. In the FTIR data (fig. 11), 
there is an increase in CaCO3 accumulation under the laminar cap 
that is preceded by a zone of lesser CaCO3 accumulation.  
However, the depths in the Saddlebrooke profile are greater than 
the McFadden model projects. The laminar cap sits at 0.5 meters 
depth while the subsequent accumulation is 1.5 meters deep. 
Given the fact that the alluvial fan is a remnant fan, it may be 
hard to explain the depth to carbonate at Saddlebrooke via 
continued deposition, post accumulation. More likely it is 
simply the difference in time. The McFadden model was based on a 
Quaternary deposit that was 30 ka. The Saddlebrooke laminar cap 
dates to 121 ka such that is was exposed to much wetter 
conditions over the last glacial maximum (LGM), that may account 
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for deeper carbonate accumulation. It is also possible that much 
of the original soil surface has been eroded since the 
emplacement of the laminar cap such that the depth of the cap is 
reported shallower that when originally deposited. 
  An estimate for carbonate accumulation can be made. 
Assuming the 600 ka date for the deepest carbonate accumulation 
is correct, a very rough estimate of approximately 3.5 kg of 
carbonate per 1000 years can be made. Because approximately 12% 
of the mass of CaCO3 is carbon, approximately 0.42 kg of carbon 
would be sequestered every 1000 years in a meter square column. 
Of course the reality of this sequestration would not be so 
linear but would have a more punctuated nature over the 600,000 
year span of time. However, given the Al26 result, this estimate 
may be quite far off. If the Al26 does indicate a burial date of 
~ ≥ 4 ma, then the lower portions of the profile may be much 
older.  For example, it becomes possible that only the material 
above the red band is Pleistocene in age and the material below 
the red band may be Tertiary basin fill. This older date would 
reduce the overall accumulation rate significantly. 
 
Iron Data 
  At 0.2 m the amount of pedogenic, crystalline iron is very 
high relative to the rest of the sequence with up to 21.9% 
extractable Fe (fig. 8) indicating a significant degree of 
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chemical weathering. The laminar cap underlying the argillic 
horizon dates to 121 ka. Because petrocalcic horizons are 
developed via leaching, it is reasonable to suspect that the 
Ustalfic Petrocalcid is approximately also 121 ka and likely 
significantly older given its correlation with the 1.8 – 2.0 ma 
high stand surfaces in other basins in the region (Jungers and 
Heimsath, 2015; 2018). This indicates that the uppermost soil 
was developing during the period that contains the LGM, and was 
subject to much wetter conditions (Ibarra et al. 2014). Evidence 
from studies of Pleistocene pluvial lakes suggest that much 
wetter conditions existed in this area during the LGM that were 
associated with a southward shift of storm tracks, due to the 
presence of ice sheets in the north (Enzel et al. 2003 ; Ibarra 
et al. 2014). While the data from the lake studies is much 
younger than the bulk of the chronosequence, they still speak to 
the effects of the ice sheets on atmospheric circulation. In 
these studies wetter conditions include an approximate 50% 
reduction in evaporation (Enzel et al. 2003) as well as an 
approximate 50%- 75% increase in precipitation (Ibarra et al. 
2014).  
  At 2.35 m there is a notable spike in extractable iron up 
to 0.24% suggesting increased weathering and a period of 
stability with that surface in place for long enough for 
reddening to occur. Below the red band, iron content is 
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generally lower. Because the low iron percentage could be due to 
the accumulation of carbonates, CaCO3 was mathematically removed 
assuming a 100 g sample and using the following equation: 
(𝑀𝐹𝑒 ÷ (
𝑀𝑠−𝑀𝑐
100
 )) × 10000                             {Eq. 7} 
Here MFE is the mass of extractable iron, MS is the sediment mass 
and MC is the carbonate mass. The results were plotted next to 
the iron values that still contain CaCO3 in the soil (fig. 9) 
This revealed slight increases in crystalline iron up to 0.28% 
at 2.5 m and up to 0.34% 3.5 m. These increases in crystalline 
iron suggest that the material underwent greater weathering and 
may represent periods of past surface stability. 
 
Eolian Proxies 
  The ratio of titanium to zirconium (Ti:Zr), and the ratio 
of zirconium to niobium (Zr:Nb), are useful proxies in 
determining the amount of eolian material in a soil or sediment 
package (Pelletier et al. 2011), as long as the geochemical 
signatures of the sediment and dust are distinct from one 
another. These elements are generally immobile in typical 
weathering conditions (Reheis et al. 2009), meaning that as 
other elements are leached away, these elements will 
concentrate. When numerous surfaces are subject to eolian 
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erosion, the resulting dust can take on a unique isotopic 
signature of immobile elements. Subsequently, when deposition of 
this eolian material occurs, the elemental signature of the dust 
can imprint on the local sediments. Data from the XRF analysis 
was used to compare deviations from a dust line and a parent 
material line throughout the profile (figs. 13-16). This was 
done using Ti:Zr and Zr:Nb.  The Ti:Zr ratio of the dust (Ti:Zr 
~ 32.5) was taken from Fischer et al. (2017), while the Zr:Nb 
dust ratio (Zr:Nb ~ 23) was taken from Pelletier et al. (2011).  
The parent material ratio used in both was taken from the basal 
gravel (sample 2410) located at the Saddlebrooke site. 
  The Ti:Zr method resulted in only two depths at which 
measured increase in CaCO3 tracks with Ti:Zr movement towards the 
dust line (figs. 13,15). Those depths are 1.2 m and 2.2 m.  At 
every other depth, the trends are opposite, CaCO3 increases but 
Ti:Zr moves away from the dust line. The Zr:Nb method resulted 
in more depths with a positive correlation between CaCO3 
accumulation and movement of the elemental ratio towards the 
dust line (figs. 14,16). These depths are 1.2 m, 1.8 m, 2.5 m 
and 3 m. Additionally, there is a correlative trend between 
depths 1.2 m and 2.2 m where carbonate accumulation tracks with 
the proxy ratio. The rest of the depths again show opposing 
trends. Furthermore, at depths below 2.35 m there are two large 
spikes in carbonate that have no correspondence with the dust 
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proxies. At first glance this seems to suggest no correlation 
between the eolian deposition and the carbonate accumulation, 
however several factors make drawing a conclusion difficult.  
  A lag effect may account for the disparity between the 
eolian proxies and carbonate accumulations. If dust carried 
carbonates as well as immobile elements it stands to reason that 
over time the dust accumulation would be leached of soluble 
material and become enriched in immobile elements. This should 
result in zones enriched in immobile elements overlying zones of 
carbonate accumulation. Some portions of the Ti:Zr data might 
suggest such a scenario (figs. 13,15) in the upper half of the 
profile, there is a steady increase in Ti:Zr between the depths 
of 0.8 and 2.35 m. This steady increase is followed by a spike 
in CaCO3 at 2.5 m. The possibility is that enough eolian 
carbonate could have been brought in to be leached downward and 
produce the spike seen at 2.5 m. This scenario is undermined by 
two observations. First, the opposite trend is visible in the 
Zr:Nb proxy. Zr:Nb decreases to its lowest point (aside from the 
petrocalcic horizon) prior to the large spike in CaCO3 at 2.5 m 
depth. Secondly the spike in CaCO3 lies beneath the “red band.”  
The presence of the red band suggests a buried horizon. The 
thinness of the band could also suggest that it may have 
undergone erosion prior to its subsequent burial. If this is the 
case, then the sediments from which the underlying calcic 
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horizon was derived may have eroded away, and the current 
concentrations of eolian proxies have nothing to do with what 
lies beneath them.  
   In an attempt to understand why the trends in the two sets 
of proxies are so different, the concentration for each of the 3 
elements were plotted along with the parent material 
concentration for each (fig. 19).  What is notable is that the 
general shape of the Zr:Nb graph (fig. 18) does not resemble 
either zirconium or niobium alone. However, the general shape of 
the Ti:Zr graph (fig. 17) does strongly resemble the shape of 
the titanium graph. This indicates that changes in titanium 
concentration are the primary driver of changes in the ratio. 
Also, the concentration of titanium throughout out the profile 
falls below the concentration of the parent material at all 
levels except two, 0.2 m and 2.2 m, whereas the concentration of 
zirconium remains above or at the concentration of the parent 
material (except in the laminar cap). There are a few possible 
explanations.  
   One possible explanation is preferential erosion of the 
parent materials feeding the alluvial fan. Changes in the 
sediment sources delivered to the Cordones surface could affect 
the data in three ways. It is possible that conditions in the 
Catalinas could have resulted in the weathering and erosion of 
rocks higher in titanium which ended up deposited as the basal 
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gravel. Secondly, preferential erosion could explain the spikes 
in calcium carbonate. In general, sedimentary rocks weather much 
more readily than igneous rocks, and the Mescal Limestone is 
present in the watershed feeding the alluvial fan. Packing the 
sediment with material low in titanium, relative to the basal 
gravel, would explain why the titanium concentrations fall below 
the parent material line.  Additionally, this could explain 
shifts in titanium in the upper portion of the profile. If the 
stream was gradually shifting in the mountain watershed and 
eroding different rocks, this could potentially lead to shifts 
in titanium concentration in sediments deposited downstream. 
Preferential erosion could also explain the higher zirconium 
concentrations, if rocks high in zirconium were being 
preferentially eroded at the right time. However, since the 
zirconium remains steady, this again requires an unlikely 
erosional shift from one rock source to another which are equal 
in zirconium levels. 
  A second option is an eolian source which is low enough in 
titanium to drive the titanium concentrations down, but high 
enough in zirconium to keep the concentrations above the parent 
material line. However, this is hard to reconcile with the Ti:Zr 
throughout the profile. If the dust source is low in titanium, 
then the steady increase in the ratio between 0.8 m and 2.2 m 
(fig. 17) would have to be explained by a significant reduction 
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in zirconium. That is not what is observed. Instead, zirconium 
remains fairly steady, and increases at 2.2 m. Another eolian 
possibility is a shift from one dust source to another that 
differed enough in titanium concentration to drive the observed 
change in the ratio. Given that the basis for using titanium and 
zirconium as eolian proxies relies on their immobility leading 
to their concentration in surficial sediments (which can be 
picked up by the wind) it seems unlikely that eolian material 
with such a specific low titanium concentration would be the 
cause. Additionally, zirconium levels change very little in the 
upper half of the profile. This would require a change to a new 
dust source that differs in titanium content, but remains the 
same as the last in zirconium content. 
   A third option is that titanium in this system is more 
mobile than in others. A potential mechanism could be uptake by 
plants, especially given climates where wetter conditions allow 
for greater plant growth. However, the data may not fit this 
scenario. Moving up profile from depth 2.2 m to depth 0.8 m is 
moving forward in time towards the age of the laminar cap age of 
121 ka, which is an interglacial (fig. 22). As conditions got 
warmer and more arid, plant life likely waned and thus any 
titanium uptake should hypothetically wane. Instead, the 
opposite trend appears. Moving closer to that 121 ka cap from 
depth, titanium reduces in concentration. The possibility of 
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titanium being preferentially removed in the lower half of the 
profile, where low concentrations of titanium correlate to 
spikes in carbonate, is also unlikely. Zirconium concentration 
also reduces in the lower half of the profile.  Both titanium 
and zirconium show a significant decrease from 2.2 to 2.5 
meters. Below the red band, where carbonate is high these 
elements are lower and where carbonate is low, these elements 
are higher. Ti:Zr follows the same trend. The observation that 
both elements follow this trend suggests that the addition of 
carbonate taking up space in the profile is what is causing both 
elemental concentrations to reduce. However, given that 
carbonate concentration recorded in the deeper spikes takes up 
only approximately half of the volume of material, the ratio of 
the elements remains intact. In effect, there is enough volume 
left to obtain a useable ratio of titanium to zirconium. 
  A fourth consideration is a low zirconium dust source. 
Zircon crystals are dense and this might cause them to winnow 
out of an air columns as it transports a load of dust. In this 
scenario, the high concentration of zirconium in the upper half 
of the profile could be explained as a lithological feature.  
That is, the lithological parent material being deposited in 
that portion of the profile may have been higher in zirconium, 
and that immobile element became enriched in situ. In this 
scenario, titanium becomes the dust signal and introduction of 
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eolian titanium to the system drives the change in the elemental 
ratio. 
  Given these uncertainties with titanium, the Zr:Nb proxy 
may be a better choice for determining eolian input. Niobium is 
a very rare element with an average abundance in the earth’s 
crust of about 8 ppm (Schulz et al. 2017). Fluctuations in the 
weathering of different rocks in the Catalinas would be unlikely 
to result in concentrations of niobium on the orders of 
approximately 25 ppm and 35 ppm that are observed in the data, 
however preferential erosion is still a possibility that could 
affect zirconium concentrations.  Between 1.8 and 2.2 meters, 
zirconium concentration only rises about 7 ppm whereas niobium 
concentrations jump about 17 ppm (fig. 19). This spike in 
niobium drives the Zr:Nb away from the dust line. At 2.5 meters, 
the Zr:Nb increases and that increase correlates to the 
carbonate spike at the same depth, however, zirconium sits 
barely 2 – 4 ppm over the parent material line at that depth 
whereas niobium falls below the parent material line at that 
depth.  
 To better understand the effect of carbonate accumulation 
on immobile element concentrations, the immobile element 
portions were recalculated after mathematically subtracting the 
mass of carbonate. Using a hypothetical 100 gram sample at each 
depth, the following equation was utilized: 
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(𝑀𝐼𝐸 ÷ (
𝑀𝑠−𝑀𝑐
100
 )) × 10000                         {Eq. 8}                                        
  Here MIE is the mass of the immobile element, MS is the mass 
of the soil sample and MC is the mass of carbonate. The results 
produced plots of immobile element concentrations that were 
markedly different from the concentration plots that include the 
carbonate fraction (fig. 21). Above the red band, titanium 
retains its increase in concentration with an increase in depth 
but now shows greater increase beyond the parent material 
concentration. Zirconium concentration remains greater than the 
parent material concentration, and now shows a trend of 
decreasing with depth. Zirconium also shows presence at the 
depth of the laminar cap. Niobium concentrations now fall at or 
significantly above the parent material concentration through 
the whole profile and maintains its anomalous spike at 2.2 
meters depth. Niobium also remains significantly higher than the 
regional dust concentration of 10 ppm reported by Pelletier et 
al. (2011). Lastly, niobium has a significant concentration at 
the depth of the laminar cap. All three immobile element 
concentrations show a decrease from 2.2 meters to 2.35 meters. 
  The very high concentrations of niobium, relative to dust 
and crustal estimates, require the assumption of a dust source 
concentrated very heavily in niobium if it is to be used as an 
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eolian proxy. This possibility is not without some support.  
Dunbar and Hervig (1992) report niobium concentration values 
that commonly exceed 20 ppm, with some measurements exceeding 50 
ppm, for the Bishop Tuff in California. Izett et al. (1988) 
report that the largest eruption of the Bishop tuff occurred ~ 
0.74 ma and left traces as far as Nebraska. Due to the high 
niobium concentrations of this volcanic deposit, and its 
potential reach, both the anomalous niobium spike and generally 
higher concentrations can be explained. The general high 
concentrations can be explained by dust enriched in niobium 
being produced from surface sediments effected by the Bishop 
Tuff. Though correlation to the Bishop Tuff would have to be 
proven with other evidence, the fact that the concentrations of 
Ti and Zr also exceed the parent material concentrations create 
a fairly clear eolian influence on the accumulation of the 
laminar cap. 
  Below the laminar cap, niobium and zirconium both decrease 
while titanium increases. Given the high concentrations of 
zirconium and niobium, and given that the Zr:Nb proxy does track 
with carbonate concentration, the Zr:Nb can be taken as a good 
indicator of eolian input below the laminar cap. The increase in 
titanium can still be explained by an erosional shift in the 
catchment. Just above the red band, at 2.2 meters, all three 
elements increase. Niobium increases drastically to over 40 ppm. 
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This may indicate a unique depositional event, such as Bishop 
Tuff eruption, or a period of more intense eolian deposition. 
  Below the red band, titanium remains below the 
concentration of the parent material but displays an increasing 
trend between 3 and 4 meters depth. Zirconium shows a 
significant spike at 2.5 meters depth and has a trend of 
increase between 3 and 4 meters. Niobium shows small increases 
at 2.5 and 3.5 meters. All three immobile elements show an 
increase at 2.5 meters that corresponds with the largest 
accumulation of carbonate below the red band.  
  At 2.5 meters the immobile element concentrations and 
carbonate concentration increases. At 3 meters depth, both 
decrease, only to increase again at 3.5 meters. This tracking 
between the carbonates and the immobile element concentrations 
may indicate some eolian influence below the red band as well. 
Both the negative correlation displayed by Ti:Zr, and the 
positive correlation displayed by Zr:Nb at 2.5 meters is driven 
by the significant increase in zirconium. Because this increase 
exceeds regional dust values, it may indicate the influence of 
another source of zirconium. At 3.5 meters, both immobile 
element ratios decrease while carbonates increase which suggests 
a lack of eolian influence on the carbonate accumulation at this 
depth. Niobium and zirconium both remain higher than the parent 
material concentration, however. Given that titanium 
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concentrations may be primarily driven by erosion in the 
catchment, the possibility of some eolian influence on the 
lowest carbonate accumulation cannot be ruled out. 
 
Groundwater and Calcium Bearing Rain 
  The profile analyzed is in the top 4 meters of the Cordones 
Fanglomerate. The channel adjacent drops approximately 33 meters 
in elevation relative to the surface of the profile. Given the 
poorly sorted sediments of the alluvial fan, it is not likely 
that precipitation of carbonates dissolved in ground water can 
account for the accumulations observed. 
  McFadden and Tinsley (1985) provide rainwater Ca2+ estimates 
of 0.5 to 2 ppm for the Mojave Desert. Assuming that Pleistocene 
increases in rainfall, and Ca2+ concentrations, estimated for the 
Mojave apply to southern Arizona, an estimation of calcium 
contributed by rainfall can be made. Current precipitation for 
Tucson Arizona is approximately 30.3 cm of rain annually (US 
Climate Data, 2019). Ibarra et al. (2014) suggest increases of 
50-70% of annual precipitation during the LGM. Assuming the low 
end of 50% more rain would yield approximately 45.5 cm of annual 
rainfall in this area. This would equate to approximately 
455,000 cm3 of water per meter or 455,000mLs or water per square 
meter. If 0.5 ppm of that was calcium, then given approximately 
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22.75 mLs of Ca2+ would be left by rainfall annually. At a 
density of 1.55 g/cm3 that is approximately 14.7 g of calcium 
annually in a meter square area. Assuming continuous high 
rainfall between the LGM and the beginning of the Holocene 
(approximately 16K years); at a soil bulk density of 1.8 
approximately 13% of the mass would be calcium delivered by 
rainfall in a soil comprised of approximately 50% carbonate. At 
a higher bulk density of 2.5, approximately 10% of the mass 
would be calcium brought in by rainfall. These values are 
similar to estimates made by McFadden and Tinsley (1985) in 
which approximately 15% of the carbonates in the Mojave soils 
might be derived from rain deposited calcium. Depending on the 
Ca2+ concentrations and actual increases in rainfall during the 
LGM, rain delivered calcium could account for a significant 
portion of the carbonate accumulation.  
 
CONCLUSIONS 
  To draw conclusions concerning the primary source of 
carbonate accumulation (eolian vs parent material) consideration 
is given to potential climate regimes recorded in ice records 
(fig. 22).  At ~121 ka, there was an interglacial at which time 
conditions would have been warmer with less precipitation. Given 
that both Ti:Zr and Zr:Nb, in the Ustalfic Petrocalcid, have 
values significantly higher than the parent material the source 
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of carbonates that formed the laminar cap are concluded to be 
eolian. 
   The disparity between the two proxies in the upper portion 
of the profile, below the laminar cap is likely due to titanium 
concentration being driven by differential erosion in the 
catchment. The very high levels of zirconium and niobium, and 
positive correlation between carbonates and Zr:Nb, indicate 
strong eolian influence on the carbonate accumulations between 
0.5 and 2.35 meters.  
    Below the red band, both immobile element ratios show 
negative correlation with the carbonate accumulations. At 2.5 
meters, this drop in the Zr:Nb is driven by an anomalous spike 
in zirconium that exceeds the dust estimates given in 
literature. This high concentration of zirconium may indicate a 
zirconium source other than dust which makes the influence of 
eolian material uncertain. 
    In summary, three depositional events are concluded to be 
present in the Saddlebrooke profile. The upper half of the 
profile (above the red band) is material that forms one 
depositional package. This material bears a signature of 
changing amounts of eolian deposition which resulted in the 
formation of the petrocalcic cap and heavily influenced the 
carbonate content below it.   
  Below the red band, accumulations of carbonate do not track 
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with increases in the eolian proxies Ti:Zr and Zr:Nb, though 
there remains a potential for eolian contribution in the high 
niobium and zirconium concentrations. Additionally, the 
increases in carbonate do track with increases in weathering 
indicated by pedogenic iron. These results indicate that 
carbonate accumulation at 2.5 meters is likely due to a 
combination of eolian input and weathering of calcareous rocks 
in the catchment. The carbonate accumulation at 3.5 meters is 
likely due primarily to the weathering of calcareous rocks. 
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FIGURES AND TABLES 
 
Figure 1: Dominant soil suborders focused on the southwest U.S. (NRCS 2019). 
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Figure 2: Carbonate stages in relation to age and climate. Taken from Birkeland 
(1999). 
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Figure 2: Relationship of influx of free calcium to precipitation. Taken from Machette 
(1985). 
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Figure 4: Location of the soil profile within the upper sediments of the Cordones 
Fanglomerate near Saddlebrooke, AZ. 
 
 
 
 
 
 
69 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Photograph of the profile exposed by the road cutting through the top of the 
Cordones fanglomerate. The petrocalcic laminar cap sits just below the reddened soil 
at the top. The red band is visible approximately halfway down the profile. Two 
accumulations of carbonate, separated by a gravelly deposit, are visible in the lower 
half. 
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Figure 6: HUC 12 Canada Del Oro watershed. Map was generated using geospatial data 
from the Stroud research group (2018) and Arcmap Raster data. 
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Figure 7: Standard curves used to calculate pedogenic iron concentrations for each 
sample. 
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Figure 8: Comparison of iron obtained from the Sodium Citrate - Dithionite extraction 
and the Ammonium Oxalate - Oxalic acid extraction. Shows portions of iron that are 
pedogenic crystalline and amorphous. 
 
Figure 9: Values of total pedogenic iron compared to values with the mass of carbonate 
mathematically subtracted. Increases at depth are present but total pedogenic iron 
concentration remains small. 
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Figure 10: Curve used to calculate %CaCO3. 
 
Figure 11: %CaCO3 derived from ATR-FTIR analysis. 
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Figure 12: %Carbonate derived from the HCl digestion method. 
 
Figure 13: Ti:Zr plotted against %CaCO3 from FTIR and a Ti:Zr  value for regional 
dust. Regional dust ration taken from (Pelletier et al. 2011). The petrocalcic, 
laminar cap is at 0.5 meters depth. The zero value for Ti:Zr is due to the cap being 
comprised primarily carbonate. Correlation between increases in the Ti:Zr (eolian 
proxy) and carbonate accumulation is weak. A potential lag between high Ti:Zr at depth 
2.2 m and the carbonate spike at depth 2.5 is undermined by the presence of the red 
band at depth 2.35 m, which is likely the thin remnant of a buried horizon. 
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Figure 14: Zr:Nb plotted against %CaCO3 from FTIR and a Zr:Nb  value for regional 
dust. Regional dust ration taken from (Pelletier et al. 2011). The petrocalcic, 
laminar cap is at 0.5 meters depth. The low value for Zr:Nb is due to the cap being 
comprised primarily carbonate. Some correlation in the upper portion of the profile 
exists between the eolian proxy and carbonate accumulation.  
Figure 15: Ti:Zr eolian proxy plotted against carbonate accumulation value derived 
from HCl digestion.  Correlation between the proxy and carbonate accumulation is again 
weak. 
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Figure 16: Zr:Nb eolian proxy plotted against carbonate concentration derived from the 
HCl digestion method. Again, some correlation between the proxy and the carbonate 
accumulation exists in the upper portion of the profile. 
 
Figure 17: Sediment Ti:Zr  plotted against the Ti:Zr value obtained for the parent 
material. Parent material values were taken from the coarse fraction of the basal 
gravel, sample 2410. The general shape of the titanium change throughout the profile 
(fig) is quite similar to the change seen in the Ti:Zr proxy suggesting that the 
change in the proxy is driven primarily by the change in titanium. Where titanium 
rises above the PM line, external contribution of titanium is the cause.  Where it 
fluctuates below the PM line has to be due to removal of titanium or the deposition of 
materials containing less titanium. 
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Figure 18: Zr:Nb eolian proxy plotted against the parent material Zr:Nb value and the 
dust value for this proxy. Zr:Nb hovers close to the PM line throughout the profile. 
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Figure 19: Immobile element ppm throughout the profile plotted against their 
respective parent material values in ppm. Niobium and Zirconium show quantitatively 
small shifts compared to titanium, which shifts as high as approximately 2500 ppm. 
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Figure 20: Comparison of Near IR spectra of CaCO3 and MgCO3 from ATR-FTIR. 
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Figure 21: Immobile element plots comparing concentrations where carbonate mass is 
included and where carbonate mass has been subtracted. Subtraction of the carbonate 
mass resulted increases in all elements that drove Nb ad Zr above their parent 
material lines, suggesting an external source for these elements. 
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Figure 22: Marine Isotope record taken from Pickering et al. (2017), modified from 
Railsback et al (2015) 
 
 
 
Horizon Depth 
(cm) 
Moist 
color 
Texture %Clay %RF Struct. Cons
. 
pH Roots CaCO3 Clay 
Films 
A 0-10 7.5 
YR 
3/2 
Sandy clay 
loam 
30 30G
r 
15S
t 
1M Platy 
IF SBK 
SH 6.
6 
1M, 
3F, 
3VF 
1 - 
AB 10-18 5 YR 
3/2 
Silty clay 55 50C
b 
IM SBK HA 7.
4 
1M, 
3F, 
3VF 
0 - 
Bt 18-35 2.5 
YR 
2/4 
Clay 60 40G
r 
2C SBK 
2M SBK 
FI 8.
1 
1M, 
2F, 
2VF 
1 3C, P, 
PF 
Bkkm 35-39 - - - -  VS 8.
3 
 4  
 
Table 1: Field Characteristics of uppermost soil at the Saddlebrooke site. 
Classification: shallow, clayey, skeletal, mixed, superactive, thermic Ustalfic 
Petrocalcid. Diagnostic horizons: ochric 0-10cm, argillic 18-25cm, petrocalcic 35-
38cm. “RF” indicates rock fragments.  
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Table 2: Raw data from analysis methods 
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